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Lines treatable by this method may contain an arbitrary number of arbitrarily shaped conductors, including a system of conductors either placed above a single ground plane or between two parallel ground planes, and inhomogeneous dielectric regions that can be approximated locally by a number of homogeneous subregions.
(0Ver) [12] , [13] , Fourier integral method [14] , spectral-domain method [15] - [17] , boundary element method [18] , [19] and finite element method [20] In order to apply the finite element approach to the problem at hand we formulate it in variational terms. The correct solution of Eqn. (1) is one that minimizes the energy functional
Eqn. (1) 
The scalar potential distribution function that takes into account the field singularity at the node 1 (p -0) has the following form;
where coefficient K is chosen in accordance with the Meixner edge condition [23] , and 4>,. $ 2. <fi3 are corresponding nodal potentials. The linear variation of the scalar potential along the side 2-3 is provided so that the element is compatible with first-order ordinary elements. Fig. 3a) .
The entire domain can be divided into the near-field region (n.f.). which is the region of interest and the far-field region (f.f.) which is unbounded. They have a common boundary referred to as the far-field boundary (f.f.b). The near field (n.f.) region is then divided into finite triangular elements in the usual manner, while the f.f. region is divided into infinite elements.
Each infinite element has two common nodes (lying on f.f.b) with an ordinary first-order element and two sides parallel to the x-axis.
Consider the infinite element with nodes 1 and 2 ( Fig. 3b) and introduce normalized coordinates
Since in the first approximation the far-field of the system is equivalent to a dipole field, the electric scalar potential within the element is chosen in the following way:
where ^>l and <I>2 are potentials of nodes 1 and 2, respectively.
The next type oi open region problems is a system of conductors above a ground plane. The procedure is similar to that in the previous case. The entire domain is divided into n.f. and f.f.
regions (Fig. 4a) The n.f. region is divided into the usual triangular mesh and the f.f. region is divided into infinite elements of two different types. 1 and II. The infinite element type I is the element previously discussed. Consider now the infinite element of type II with nodes 1. 2 and radial sides intersecting at point (*, y ") ( Fig. 4b) and introduce triangular polar coordinates p.tr which are related to the global Cartesian coordinates by the relations ->y 
where c is the velocity ot light in I ree space. 1 he characteristic impedance is (6d)
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The expressions given in (6a) (d) are for a single line, but the same procedure can be applied to find the capacitance and characteristic impedance for even-and odd-modes on two coupled lines or to find capacitance and impedance matrices for a system of n-lines. The electromagnetic field distribution can also be obtained:
where z is unit vector in the z direction and 7) is the intrinsic impedance of the medium -
Next, we employ a perturbational approach to solve for the attenuation constants due to dielectric and conductor losses
where PfJ is the time-averaged power flow along the line, and Pd and Pc are the time-averaged powers dissipated in the dielectrics and conductors, respectively.
Dielectric losses are calculated using the formula
where the loss tangent, tan S. is assumed to be sufficiently small so that the perturbed fields can be approximated by the fields for the lossless condition E(,,H". (a = 2a f is the angular frequency anc* 8'/iW is the area ot cross section covered by the dielectric.
l osses due to the im peded conductors are obtained via the conventional perturbation formula [25] :
where Ps is the surface resistance, and \Ii" lMn? is the magnitude of the tangential magnetic field at the conducting surfaces (line C) lor the lossless case.
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The average power propagating along the line is given by
Pn = Re f (E0 X H0*) ■ z dS
where S is the complete cross section of the line.
For the conductor loss calculation, special finite element matrices have been derived [26] .
Consider a high-order element where vertices are labeled as nodes i. j. k (Fig. 5) .
Suppose that the side j-k is an imperfect conductor of surface resistance . 
m . NUMERICAL A ND EXPERIM ENTAL RESULTS
On the basis of described finite element procedures, two different computer software packages have been developed for solving the problem at hand. The first of these is employed for semiautomatic mesh generat.on of first-or high-order ordinary elements including singular and infinite elements if necessary. The second package calculates the potential and field distributions, capacitance per unit length, characteristic impedance, effective permittivity, and attenuation due to conductor and dielectric losses. The linear system of equations derived from the application of the FEM method is rather sparse and special techniques for the solution of such equations can be employed to achieve enhanced computational efficiency. Two such techniques are direct envelope and band method, with node reordering, which are useful for smaller problems with a few hundred nodes. For large systems of equations (a few thousand nodes), the conjugate gradient method is suggested because it requires the storage of only non-zero elements. Preconditioning is The next example is an inverted microstrip whose generic cross section (see [17. 19] ) is shown in Fig. 9 . Calculated results for the characteristic impedance as a function of aspect ratio 2w/h. It can be noted that FEM results are closer to the experimental results than the BEM data. For the same example, attenuation constants due to conductor, a , . and dielectric. ad . losses are calculated as functions of aspect ratio 2w/h and shown in Fig. 12 as solid curves. These data are compared with BEM [19] and spectral-domain method [ 17] results shown in the same figure and a very good agreement is found. 
